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Abstract
Over the course of this coming century, global electricity use is expected to grow at least five fold and if stringent 
greenhouse gas emissions controls are in place the growth could be more than seven fold from current levels. Given
that the electric power sector represents the second largest industrial use of water and given growing concerns about 
the nature and extent of future water scarcity driven by population growth and a changing climate, significant concern
In this paper, the authors demonstrate
that an often overlooked but absolutely critical issue that needs to be taken into account in discussions about the
that will occur over the course of this century; i.e., in the scenarios examined here more than 80% of global electricity 
production in the year 2050 is from facilities that have not yet been built. The authors show that because of the large
scale changes in the global electricity system, the water withdrawal intensity of electricity production is likely to drop
precipitously with the result being relatively constant water withdrawals over the course of the century even in the
face of the large growth in electricity usage. The ability to cost effectively reduce the water intensity of power plants
with carbon dioxide capture and storage systems in particular is key to constraining overall global water use.
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1. Introduction: Water, electricity and climate change and climate mitigation
There is a significant body of literature that establishes that a large segment of humanity lacks access to
clean water or lives in areas where the threat of water scarcity is high and that this situation is likely to get
worse in the future. For example, WHO/UNICEF[1] estimates that 11% of humanity lacks access to clean 
water, while Vörösmarty et al., [2] use a much broader metric to conclude that 80% of humanity is already
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.  There is also a large literature that suggests a a 
changing climate will likely exacerbate this dire situation over the course of this century [3-7].  At the 
level of the global economy, there have been many analyses which point to growing future water 
constraints and the seeming conflict between industrial water use and human subsistence needs as a 
potential reason for the inability to field certain classes of climate mitigation solutions [8-11].  
 
Davies et al. [12] have shown that in a world without a climate policy, two seemingly diametrically 
opposing forces emerge. First, an increased electrification of the global economy which, all other things 
being equal, would imply an increase in water use for electricity generation, and second, technological 
change in the power sector, both in the types of cooling systems being installed at modern power plants, 
as well as the penetration of electric generation technologies that are inherently more water efficient than 
existing electric power technologies. For example, as can be seen from Table 1 there are significant water 
savings in the case where an old pulverized coal power plant with a once-through cooling system is 
replaced with a modern natural gas combined cycle power plant with an evaporative cooling system.  
Davies et al. [12] show that, in a reference case (i.e., in a no climate policy world), these two opposing 
forces bring about an overall stabilization in water withdrawal (which is re
projected five-fold increase in electricity generation over the course of this century) but with an overall 
increase in water consumption. 
may unfold over the course of this century, this paper will respond to a growing number of papers that 
state that the large demand for water for carbon dioxide capture and storage (CCS) systems will create 
unsustainable demand for water which will therefore hinder the commercial deployment of CCS and limit 
the potentially significant role that this class of technologies could play in decarbonizing the global 
economy [13-17]. 
 
2. Scenarios for future electricity generation and water use 
We use GCAM, a state of the art integrated assessment model, enhanced to represent water demands 
of power generation technologies in a consistent manner across various possible future scenarios.  The 
incorporation of water within GCAM represents a significant development in the continuation of this 
modelling tool and a full description of these changes lies well outside the scope of this paper. Readers 
interested in the specific details of this new water modeling capability within GCAM should consult 
Davies et al. [12] and Kyle et al. [18]. GCAM is a dynamic and constantly evolving research tool and 
there is no one definitive peer reviewed description of the model and its functionality.  Readers interested 
in understanding the current state of the GCAM should consult [19-21] 
 
ns with respect to median water usage for different energy 
technologies based upon our review of published detailed engineering analyses [14, 22, 23].  Here we 
examine global electricity sector water usage under a reference case and two different climate mitigation 
policies as detailed in Table 2. The last two scenarios in Table 2 are a sensitivity analysis designed to 
examine the energy and economic consequences of low and high water demand CCS technologies under 
the more stringent of the two climate policies.  We choose to do this sensitivity analysis on the most 
stringent of these two climate policies as it is well established in the literature that the value of improved 
energy technologies rises with the stringency of the imposed climate policy [24, 25].  Table 2 presents an 
overview of the five energy scenarios examined here. 
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Table 1 Assumed Water Usage of Various Energy Production Technologies (sources and methodology 
for arriving at these median water use values for these different energy technologies is described in detail 
in Davies et al., [12]) 
 
Technology Cooling system 
Water 
Withdrawals 
(m3 / MWh) 
Water 
Consumption 
(m3 / MWh) 
Pulverized Coal 
(PC) 
once-through 158 0.95 
evaporative 3.8 2.6 
pond 53.2 2.06 
PC+CCS 
once-through 241 1.25 
evaporative 4.83 3.57 
IGCC 
once-through 147 0.13 
evaporative 1.48 1.41 
IGCC+CCS 
once-through 186 0.41 
evaporative 2.22 2.04 
NGCC 
once-through 49.5 0.38 
evaporative 0.96 0.75 
pond 25.9 0.91 
NGCC+CCS 
once-through 62.5 0.66 
evaporative 1.88 1.43 
Oil / Natural 
gas 
once-through 152 0.91 
evaporative cooling 4.55 3.13 
pond 4.55 3.13 
Other Steam 
once-through 152 1.14 
evaporative 3.32 2.09 
pond 1.7 1.48 
Nuclear 
once-through 193 1.02 
evaporative 4.17 2.54 
pond 30.7 2.31 
Geothermal 
(conventional) 
evaporative 6.82 6.82 
Hybrid/Dry 0.67 0.67 
Concentrating 
Solar Power 
evaporative 3.35 3.35 
Hybrid/Dry 0.3 0.3 
PV n/a 0.02 0.02 
Wind n/a 0 0 
Hydro n/a 0 17 
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Table 2: Summary of key scenario variables 
Scenario Name 2095 Radiative Forcing 
2095 
Atmospheric CO2 
Concentration  
Water use specific technology 
assumptions 
Reference Case 7 W/m
2 and 
rising 800 ppmv 
Prior to 2030, CCS enabled power plants 
have water demands of post-combustion 
capture with evaporative cooling; after 
2030 CCS enabled power plants have 
water use characteristics of IGCC with 
evaporative cooling 
4.5 W/m2 4.5W/m2 565 ppmv 
3.7 W/m2 3.7W/m2 490 ppmv 
3.7 W/m2 low 
water demand 3.7W/m
2 490 ppmv 
All power plants globally use either 
seawater-based once-through flow 
cooling systems, or dry cooling systems 
(for aircooled systems this results in a 
13% increase in the busbar cost of 
electricity and derates the plants fuel 
efficiency by 2.6%) 
3.7 W/m2 high 
water demand 3.7W/m
2 490 ppmv 
All CCS-enabled power plants have 
water use characteristics of a PC plant 
with post combustion capture that uses 
evaporative cooling towers  
 
 
3. Results in Brief 
We entitled this section Results in Brief because page limitations prevent us from presenting anything 
more than a few selected results.  For those who are interested in a fuller and more detailed analysis, 
please consult Kyle et al.[18] from which many of the results presented here are derived and which also 
includes detailed analyses of the water implications of the large scale deployment of potentially high 
water demand renewable energy technologies such as engineered geothermal systems and concentrated 
solar power stations. 
 
Figure 1 shows the significant changes in the global electric sector in the 4.5 W/m2 and 3.7 W/m2 
scenarios when compared to the Reference Case.  Consistent with a large body of integrated assessment 
research, the imposition of stringent climate policies like these fundamentally reshape the global electric 
sector with large growth in nuclear power, bioenergy power plants, and the phase out of conventional 
(i.e., venting CO2 to the atmosphere) fossil-fired power plants which are replaced in large measure by 
fossil-fired power plants equipped with CCS. The global electric generation system grows five fold in the 
Reference Case and seven fold for both of the climate policy cases.  Thermoelectric power plants remain 
the backbone of the global energy system in all scenarios accounting for more than three-quarters of 
electricity generation. Fossil-fired power plants account for more than 50% of all electricity generation 
for all scenarios in the first half of the century.  However as the emissions constraints become more 
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binding in the second half of the century, the market share of fossil fuels declines to the point where by 
the end of the century these types of power plants account for about 25-30% of all electricity generation.
For the 3.7 W/m2 low water demand scenario (the graphic for this scenario has been omitted as the
differences are not visually discernable at this resolution), the higher costs associated with the deployment 
of these more water efficient CCS-enabled power plants results in a slower commercial uptake of CCS 
technologies in the first half of the century and slightly greater deployment of biomass power facilities
(i.e., biomass facilities that vent their emissions to the atmosphere as opposed to biomass+CCS facilities),
wind power and nuclear power. However, it is important to stress that this cost adder for these more
water efficient technologies delays CCS deployment slightly and the lessened deployment is mainly in the
very first few years of the climate mitigation policy where this adder would represent a more significant 
impact to the cost competitiveness of these CCS enabled power plants.  In the second half of the century,
the impact of these more water efficient CCS technologies is quite minor. There is also slightly less 
mitigation in the first half of the century which is made up in the second half of the century with slightly
more mitigation.
The demand for geologic CO2 storage capacity across these scenarios is 770 GtCO2 for the 4.5 W/m2
case, 1200 GtCO2 for the 3.7W/m2 case, and 1,100 GtCO2 for the 3.7W/m2 low water demand case.
Reference Case
3.7 W/m2
4.5 W/m2
Figure 1: Global Electricity Production (EJ/year)
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Figure 2 shows the average global water withdrawal intensity across these five scenarios while Figure 
3 shows average global water consumption intensity across these same scenarios.  Global water 
withdrawal intensity decline nearly six fold across all of these scenarios; for both the Reference Case 
scenario and the climate policy cases.   This is an important insight and one that speaks to the large scale 
turnover in the capital stock of the global electric sector that will occur during this century, an in 
particular the retirement of existing power plants with once-through flow cooling systems. It is clear that 
there are significant water withdrawal savings to be had simply by replacing the most water intensive 
cooling and generation technologies with modern, more efficient systems. In the scenarios examined here, 
more than 80% of global electricity production in the year 2050 is from facilities that have not yet been 
built. Aggregate electricity sector water withdrawal across these scenarios falls from a current level of 
550km3/year to between 410-500km3/year by mid century.  After the middle of the century the gross 
water withdrawals start to increase again reaching levels of 540-830km3/year across these very different 
futures. 
 
 
Figure 2: Average Global Water Withdrawal Intensity (m3/MW-hr) 
When looking at the water consumption intensity data in Figure 3, one sees a two-fold reduction in 
water intensity across the Reference Case, the 4.5W/m2 and the 3.7W/m2 cases.  But when one looks at 
the 3.7W/m2 low water demand and the 3.7W/m2 high water demand cases it is also clear that there is a 
more complex story here and that there is a significant difference that arises depending upon assumptions 
related to future technology development.  Gross water consumption increases from its present day value 
of approximately 130km3/year to 270 km3/year to 350km3/year by the end of the century.  
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Figure 3: Average Global Water Consumption Intensity (m3/MW-hr)
As can be seen from Figure 4, the additional cost associated with employing the low water use
technologies is quite small.  CO2 emission permits are about 5% higher in the low water use case during
the first half of the century.  This cost penalty decreases to just 2% by the end of the century. So if it 
seems plausible that humanity will find a way to seriously reduce greenhouse gas emissions, it would
seem just as plausible to assume that adding a small 2-5% cost to simultaneously reduce greenhouse gas
emissions to the same levels and significantly reduce electric sector water intensity (in particular the 
consumptive water intensity).
Figure 4: Global CO2 permit prices across the four modelled climate and 
water use scenarios
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4. CCS and water: not necessarily in conflict 
In conclusion, we are in agreement with a broad body of literature that points to numerous 
opportunities to improve the energy efficiency and water efficiency of the kinds of energy technologies 
that will be deployed on massive scales in order to address climate change [16, 17, 22].  Published first-
order assessments have typically assumed large-scale and long-term deployment of amine-based post-
combustion capture units; in contrast, this study addresses several different CCS technologies whose 
market shares are derived on the basis of relative abatement costs and other performance characteristics. 
The results presented here show that, while amine-based post combustion capture systems might indeed 
represent early CCS deployments, the eventual adoption of advanced CCS-enabled electric power plants 
like IGCC-based units and oxy-fired systems imply much lower water usage rates.   The large scale 
changes in the electricity sector induced by stringent climate policies such as those modelled here 
fundamentally alter the composition of the global energy system.  That is, one cannot extrapolate current 
water use patterns forward into a world that is seriously mitigating climate change. For if one does, then 
one is led down a path where it would appear that there is an intractable problem in terms of 
simultaneously providing water for human consumption, agriculture and clean energy production.  The 
research presented here presents a far less pessimistic scenario (although there are certain to be water 
energy challenges). 
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